The tumor microenvironment is a pivotal factor in tumorigenesis, and especially in progression, as the pathogenesis of cancer critically depends on the complex interactions between various microenvironmental components. A key component of the tumor immunoenvironment is the inWltration of immune cells, which has been proven to play a dual role in tumor growth and progression. This Janus two-faced function of the tumor immunoenvironment is seen in tumor inWltration by T cells, which correlates with improved patient survival, but also with the homing of multiple subsets of immunoregulatory cells that inhibit the antitumor immune response. Regulatory dendritic cells (regDCs) have recently been shown to be induced by tumor-derived factors and represent a new and potentially important player in supporting tumor progression and suppressing the development of antitumor immune responses. Our recent data reveal that diVerent tumor cell lines produce soluble factors that induce polarization of conventional DCs into regDCs, both in vitro and in vivo. These regDCs can suppress the proliferation of pre-activated T cells and are phenotypically and functionally diVerent from their precursors as well as the classical immature conventional DCs. Understanding the biology of regDCs and the mechanisms of their formation in the tumor immunoenvironment will provide a new therapeutic target for re-polarizing protumorigenic immunoregulatory cells into proimmunogenic eVector cells able to induce and support eVective antitumor immunity.
The tumor immunoenvironment
The tumor microenvironment is a pivotal factor in tumorigenesis and especially in tumor progression as the pathogenesis of cancer critically depends on the complex interactions between various microenvironmental components [1] . Most of the early studies on the tumor immunoenvironment focused on the identiWcation and function of cellular and humoral immune components in the cancer milieu. It was found that immune cells, including T cells, B cells, NK cells, dendritic cells (DCs), and macrophages, have the capacity to inWltrate solid tumors in humans and animals [2, 3] . Numerous immunohistochemical studies have concluded that in the majority of solid tumors, the density of tumor-inWltrating leukocytes inversely correlated with the tumor pathologic grade and stage. That is, more leukocytes were present in well-diVerentiated and less invasive tumors. Although the present data are contradictory, tumor inWltration by lymphocytes and DCs positively correlates with favorable prognostic features, such as the absence of lymph node metastases, distant metastases, and overall survival [4] [5] [6] . For instance, extensive retrospective analyses provide evidence that tumor-inWltrating CD8 ovarian, renal, lung, colorectal, esophageal, pancreatic, and breast tumors [7] [8] [9] . In addition to the data showing a prognostic signiWcance for T cells and DC inWltrates of the primary tumors, new data demonstrate a strong association between the local immune cell proWle and chemotherapy outcome in colorectal cancer liver metastases: the immune cell density showed a signiWcant prognostic eVect on the progression-free survival under chemotherapy [10] .
The potential eVects of the immune cell inWltrate in solid tumors are various and intricate. The accumulation of tumor-speciWc T cells at the tumor site, draining lymph nodes, and in the peripheral circulation suggests uptake of tumor antigens by antigen-presenting cells and T cell priming. Although there is strong evidence that immune eVectors can control tumor growth under natural conditions or in response to therapy, it is clear that malignant cells eYciently escape immune surveillance. Interestingly, animal models and cancer patients do not show systemic immunosuppression, as they retain the ability to mount T cell-dependent immune responses to pathogens, model antigens, and experimental cancer vaccines [11] . However, speciWc antitumor immunity is inhibited, suggesting that tumors may utilize diverse pathways to suppress the antitumor immune response, induce tumor-speciWc tolerance, or polarize immune cells into protumorigenic immunoregulatory subsets [6, 12] . As a consequence, tumor-speciWc CTLs are unable to eYciently diVerentiate, activate, migrate, or respond to targeting signals and stimuli. For many tumors, the process of immune evasion is made evident by the accumulation of myeloid regulatory cells (MRCs) and regulatory T lymphocytes (Tregs) in the tumor tissue, lymph nodes or circulation. The presence of MRCs and Tregs correlates with advanced tumor progression and a poor prognosis.
Myeloid regulatory cells
Myeloid cell subpopulations, including polymorphonuclear neutrophils (PMNs), monocytes, macrophages (i.e., extravasated peripheral blood monocytes), and DCs, are key mediators of inXammatory and immune responses [13] . Myeloid cells play an important role in adaptive immunity. For example, antigen-presenting DCs activate antigen-speciWc T cells, while PMNs, macrophages, and some immature myeloid cells suppress T cell responses, which have led to the concept of myeloid-derived suppressor cells (MDSCs) [13] . Thus, diversity is a hallmark of tumor-associated myeloid-derived regulatory cells capable of suppressive activity in the blood, lymphoid tissues, and tumors [14] . Some MRC subpopulations, such as TAMs and MDSCs, are well described and in the focus of numerous research teams. Other MRC subsets, such as TIE2-expressing monocytes (TEMs) and N2 PMNs, have only recently attracted the attention of tumor immunologists and now are under intensive investigation. Finally, the availability of information about the newly described regulatory macrophages and regDCs is very restricted due to the lack of speciWc phenotypic markers, inconsistent terminology, and limited understanding of their role in tumor development and progression.
In the tumor microenvironment, myeloid regulatory and antigen-presenting cells play a primary role in the initiation, maintenance, and outcome of the antitumor immune response. Depending on their maturity, polarization status, activity, and location, myeloid cells can control the diVerentiation, expansion, and polarization of CD4 + Th1, Th2, Th17, and Treg cells or modulate CD8
+ CTL proliferation and activity. Furthermore, tumor-associated myeloid cells may collectively exert both the stimulatory and inhibitory forces on the proliferative, angiogenic, and immunomodulating properties of the tumor, as well as its potential to spread and metastasize. MRCs can also directly aVect tumor cell interaction with other critical intratumoral stromal elements, such as Wbroblasts and the endothelial cellular network (Fig. 1 ). For instance, immunogenic (M1) and alternatively activated (M2) macrophages, Tie2-expressing monocytes, and the recently identiWed regulatory macrophages have all been reported to control both tumor progression and the development of the antitumor immunity [14] [15] [16] . More speciWcally, alternatively activated tumorassociated protumorigenic macrophages have been implicated in carcinogenesis through M-CSF, TNF-, IL-10, and TGF-; angiogenesis through VEGF; and local invasion and metastasis through cathepsins B and S. They also contribute trophic functions for the emergence of nascent tumor clones, phagocytose apoptotic tumor cells, recruit other hematopoietic cells, inXuence the tissue response to hypoxia, and work with Tregs to suppress Th1 and CTL antitumor responses [17] .
PMN cells in the tumor milieu may be polarized as antitumoral or protumoral tumor-associated neutrophils (TANs). Certain neutrophils can counteract the progression of malignancies through tumor cytotoxicity, tumor rejection, and enhancement of antitumoral immune memory. These cells have recently been designated as "N1 neutrophils" [18] . With the opposite polarity, N2 neutrophils may be detrimental for the host and beneWcial for tumor growth, invasion, and metastasis by proteolysis of extracellular matrix components, promotion of angiogenesis and intravasation, and mediation of immunosuppression [19, 20] . New studies indicate that cytokines, such as TGF-and IFN-, direct neutrophil polarization within the tumor microenvironment. For instance, TGF-blockade has been reported to increase neutrophil-attracting chemokines, resulting in an inXux of TANs that are hypersegmented, more cytotoxic to tumor cells, and expressing higher levels of proinXammatory cytokines. Accordingly, following TGF-blockade, depletion of these neutrophils signiWcantly blunted antitumor eVects of treatment and reduced CD8 + T cell activation [21] . These data suggest that TGF-within the tumor microenvironment induces a population of TANs with an N2 protumorigenic phenotype, whereas blocking TGFresults in the recruitment and activation of TANs with an N1 antitumor phenotype.
A growing body of recent studies describes a heterogeneous population of myeloid cells, termed MDSCs, which are increased in the peripheral blood and tumor microenvironment of patients with various types of cancer. Accumulation of MDSCs in the peripheral circulation has been associated with the extent of disease and correlates with the tumor's pathological stage. Furthermore, the MDSC level of patients was shown to be an independent prognostic factor for survival [22] . MDSCs have primarily been implicated in promoting tumor growth by inhibiting T cell, NK cell, NKT cell, and DC numbers and function, thus suppressing antitumor immunity. There is also compelling evidence that MDSCs directly facilitate tumor growth, angiogenesis, and metastasis [23] . Two main subsets of MDSCs have been identiWed in cancer patients: monocytic and granulocytic. Both subsets actively suppress immune cells through a variety of mechanisms such as arginase, NO, and reactive oxygen species [24] . Just as in humans, an accrual of monocytic and granulocytic MDSCs has been noted in the bone marrow, spleen, peripheral circulation, and tumors of tumor-bearing mice. Experimental and clinical tumors contain a large number of MDSCs, accounting for 30-70% of all tumor-inWltrating leukocytes, depending upon the size and type of the tumor [25] . The tumorinduced increase in MDSCs is due to augmented proliferation and diVerentiation in the bone marrow and subsequent migration and homing to both the tumor and secondary lymphoid tissues, where they regulate inXammatory and immune responses. This increased turnover of MDSCs is regulated by inXammatory mediators produced within the tumor, including cytokines, growth factors, and chemokines [13] .
Tolerogenic dendritic cells
One of the most important Wndings about DCs is that they are not a single cell type, but rather a heterogeneous population of cells that arose from distinct bone marrow-derived hematopoietic lineages and are characterized by speciWc homing patterns and specialized immune functions. DCs are a highly plastic group of mostly myeloid, intrinsically eYcient antigen-presenting cells, which includes tissue-resident DCs, migratory DCs, and inXammatory DCs. The latter are capable of eliciting lymphocyte responses by activating CD4 + Th1 and Th2 cells and CD8 + CTLs [26] . In contrast to these conventional DCs (cDCs), other DC subsets such as the plasmacytoid DCs (pDCs), immature conventional DCs, and regulatory DCs may exhibit potent immunosuppressive and tolerogenic properties in the tumor milieu by blocking proliferation of naïve and antigen-speciWc CD4 + and CD8 + T cells, supporting polarization and activation of Treg lymphocytes and stimulating intratumoral neovascularization [6, 27, 28] .
DCs are released from the bone marrow as precursor cells and diVerentiate into immature, semimature, and mature DCs after migration into the peripheral tissues [29] . In mice, the lymph nodes contain type-I interferonproducing pDCs and two types of potent antigen-presenting DC subsets: tissue-derived migratory DCs and bloodderived resident DCs [30] 
neg gate is required when identifying macrophages in peripheral lymphoid tissues [13] . However, in the spleen and lymph nodes, CD11c hi mononuclear phagocytes are DCs rather than macrophages [17] . Therefore, there is a great deal of ambiguity in distinguishing between DCs, macrophages, and other subsets of MRCs. One source of confusion is the utilization of certain "speciWc" markers, which may be less "speciWc" in diVerent microenvironments. For example, the conventional markers used to identify macrophages and DCs in mice, such as F4/80, CD11c, CD11b, and MHC class II, have turned out to be "less speciWc" than originally believed. For instance, CD11c, the privileged marker of DCs, has been shown to be expressed by tissue-resident macrophages. Consequently, cells that were morphologically and functionally active phagocytes were thought to "convert" into DCs. This led to the concept of the immature DC and then inXammatory or TNF and iNOS-producing DCs (TIP DCs) [17] . Furthermore, it has been proposed that mouse Gr1 + monocyte-derived TIP DCs that arise following infection or during myocardial damage resemble human M1 macrophages, whereas the mouse cells derived from Gr1
¡ monocytes resemble human M2 macrophages [17, 31] . Although a recent study demonstrated that infection-associated CD11b + Ly-6C + CD11c + inXammatory DCs are the main population of TIP DCs and are derived from CD11b + Ly-6C + monocytes [32] , the lineage relationships among inXammatory monocytes, resident monocytes, TIP DCs, and inXammatory DCs remain to be determined [13] .
Another problem in the characterization of MRC subsets is due to two common assumptions: (1) the same markers or combination of markers that can distinguish myeloid cells in the circulation or lymphoid tissues may also exist in non-lymphoid tissues; and (2) the same set of markers are suitable for studying myeloid cells under normal and pathophysiological conditions, such as inXammation and cancer. For instance, mouse MDSCs have been characterized as CD11b + Gr1 + cells, including PMNs, monocytes/macrophages, DCs, and early myeloid precursors [13] . Although GR-1 hi PMNs can be considered a major component of CD11b + Gr1 + MDSCs in the bone marrow, blood, and spleen, the majority of tumor-inWltrating MDSCs may, in fact, be Ly-6C hi macrophages [25] . However, blocking TGF-increases neutrophil-attracting chemokines, resulting in an inXux of CD11b + Ly-6C + tumor-associated neutrophils that are hypersegmented, more cytotoxic to tumor cells and express higher levels of proinXammatory cytokines [21] . Ly-6C hi macrophages are selectively accumulated in tumors due to preferential recruitment by the tumor via the CCR2 signaling axis. Of note, splenic Gr1 + monocytes in tumor-bearing mice can also diVerentiate into MDSCs that promote the development of tumor-induced Treg cells and anergy [33] .
InterdiVerentiation of MRC subsets in the tumor microenvironment makes the process of their identiWcation and characterization even more diYcult. Regulatory DCs are not an exception. Thus, regDCs are a good example of the misused terminology, mixed phenotyping, and misunderstanding of the cell biology. This misinformation has led to very little data being collected on their function in the tumor microenvironment and, consequently, to insuYcient appreciation of their role in tumor development and progression. Any DC subpopulation that is able to directly or indirectly suppress the immune response is commonly termed "regulatory DCs" or "tolerogenic DCs", resulting in a great deal of uncertainty about their nature and biology. Immature DCs, "alternatively activated" DCs, DCs that have been exposed to immunosuppressive agents, pDCs, and DCs treated with tumor-derived factors or isolated from the tumor environment have all been classiWed as tolerogenic DCs or regDCs. Unfortunately, in many cases, the tolerogenic function of the DCs was not directly evaluated and the conclusion made based on the low ability of the tested DCs to stimulate T cell proliferation in an allogeneic mixed leukocyte reaction (MLR). It is important to realize that low activity of DCs in MLR does not reXect their ability to suppress T cells or induce tolerance; it only demonstrates an inability of DC to stimulate allogeneic T cell proliferation. In other words, these DCs are suppressed and not fully functional themselves, but they are not necessarily always immunosuppressive. For instance, we and others have reported that DCs generated from their precursors in the presence of tumor-derived factors display low activity in MLRs, low ability to process and present antigens to antigen-speciWc CD4 + and CD8 + T cells, low endocytic potential (i.e., are not immature DCs), low IL-12 and CD40 expression, altered motility, etc. [34] [35] [36] [37] . Thus, tumortreated DC precursors give rise to functionally deWcient DCs with inhibited antigen-presenting function and decreased longevity that, however, did not inhibit proliferation of activated T cells. Therefore, these DCs should not be called tolerogenic or regulatory unless their ability to suppress eVector T cell function or induce tolerance is directly veriWed.
One generally accepted paradigm is that functional properties of DCs are maturation dependent. Tissue-resident DCs receive diVerent signals that drive maturation and diVerentiation. Upon encounter with T cells, tissue-resident DCs induce distinct responses, depending on their stage of maturation. In the steady state, immature DCs preferentially induce and maintain peripheral T cell tolerance instead of an inXammatory immune response. This functional property correlates with their weak immunostimulatory and migratory capacities. InXammatory signals and microbial products induce the terminal diVerentiation of DCs, resulting in dramatic changes in morphology, phenotype, and function. The resulting mature DCs are potent stimulators of T cell immunity that initiate and boost eVector T cell responses [38] . However, current evidence suggests that DCs can exist in a multitude of functional states other than simply immature or mature. Additionally, both phenotypically "immature" and "mature" DCs may be conditioned by its microenvironment to support either immune tolerance or immunosuppression [39] . One of the new models of DC maturation suggests that the quality of the maturation signals largely determines the polarization of tissue-resident immature DCs into either tolerogenic or immunogenic eVector cells [38] . Interestingly, this model does not exclude an intrinsic tolerogenic function of immature DCs. However, this tolerogenic capacity of immature DCs is restricted to non-inXammatory situations and can easily be modulated in inXammatory or infectious conditions. The applicability of this model to the tumor microenvironment, where a variety of inXammatory, anti-inXammatory, and immunosuppressive signals co-exist, remains to be determined.
Regulatory dendritic cells
Strong evidence supports the presence of DCs with tolerogenic properties in diVerent subsets, including immature and mature myeloid cells, conventional DCs, or pDCs [40, 41] . Thus, DCs with "tolerogenic" function exist in a particular environment under speciWc conditions. Thus, cDCs are functionally Xexible in response to the environment in which they are activated or the type of antigen encountered. These cDCs can become activated DCs that prime eVector responses or tolerogenic DCs that modulate and suppress eVector responses [40] . The term "regulatory" DC is commonly used interchangeably with "tolerogenic" DC, creating massive controversy in understanding the nature of DCs with immunosuppressive function. For instance, regDCs have been described as cells expressing high levels of CD80 and CD86, producing IL-10 and able to induce diVerentiation of CD4 + Treg cells [42] . Other groups stated that regDCs express low levels of CD40, CD80, CD86, and MHC class II molecules and suppress the development of experimental allergic encephalomyelitis, allergic inXammation, and autoimmune gastritis [43, 44] . At the same time, Sato et al. [45] suggested that regDCs express high levels of MHC molecules and exceptionally low levels of costimulatory molecules, supporting the generation of CD4 + and CD8 + Treg cells and preventing GVHD. In contrast, Isomura et al. [46] reported that regDCs express high levels of costimulatory molecules CD80 and CD86 as well as high levels of inhibitory B7-H1, B7-DC, and B7-H3 molecules capable of blocking DTH induction. Furthermore, other studies demonstrated that regDCs had lower expression of MHC class II and CD86, but higher levels of CD80 and CD40; produced IL-10 and nitric oxide (NO), but not IL-12 and TGF-; may activate naive T cells, but did not promote proliferation; and did not induce Treg development [47] . Moreover, Kwon et al. [48] reported that regDCs express high levels of IL-10, TGF-, COX-2, and indoleamine 2,3-dioxygenase (IDO).
The multiple discrepancies and controversies in phenotypic and functional characterization of the so-called "regulatory" DCs suggest that the use of this term is excessively abused and unstandardized. In fact, conXicting reports further compound the diYculty in understanding the biology of DC subsets with immunosuppressive and/or tolerogenic properties. For example, one body of studies suggests that regDCs are mature cells that can be induced with TGF-, IL-10, and IL-6 [47, 49, 50] , while others Wnd that regDCs remain immature after exposure to prednisolone or Vitamin D3 [51] [52] [53] . One should only assign the term "tolerogenic" to DCs that have been proven to induce immunological tolerance or, at the very least, encourage the formation of functional Tregs under various experimental and pathophysiological conditions. Similarly, to slow the growing perplexity, the term "regulatory" should be restricted to DC subsets with experimentally established immunosuppressive activity in the tumor microenvironment.
Using several murine tumor models, Norian et al. [54] found that MHCII + CD11b + CD11c + tumor-inWltrating DCs may act as regDCs that suppress CD8 + T cell function and antitumor immunity in vivo. Stimulation of naïve T cells with these regDCs altered the T cell fate, resulting in minimal expansion, impaired IFN-production, and anergy. Several reports demonstrated that tumor-derived factors, including IL-10, TGF-, VEGF, and PGE2, may condition DCs to a regulatory state, resulting in low expression of MHC and costimulatory molecules (i.e., CD40, CD80, CD86), leading to T cell anergy and Treg induction [55, 56] . Murine cancers could also drive DCs to diVerentiate into regDCs with a CD11c lo CD11b hi Ia lo phenotype, high expression of IL-10, NO, VEGF, and arginase I, and an ability to suppress T cells [57] . Our results indicate that semimature DCs generated from their bone marrow precursors can be polarized into regDCs by tumor-conditioned medium, which contains tumor-derived factors. These regDCs actively suppressed proliferation of mitogen-activated T cells in vitro [28] and supported tumor formation in vivo. Tumor-associated regDCs express low level of CD11c, high level of CD11b, low levels of MHC II, and costimulatory molecules and do not express Gr1, PDCA-1, or F4/80. Since bone marrow-derived cDCs (excluding macrophages, granulocytes and MDSCs) can be polarized into regDCs in the tumor microenvironment, regDCs may represent a true subset of tumor-induced DCs that are immunosuppressive or tolerogenic. The unexpected role for DCs as enhancers of tumor progression raises questions about how regDCs convey their tumor-promoting eVects and whether they can be harnessed to block tumor-supporting mechanisms while simultaneously activating antitumor immune responses. Our new data suggest that neutralization or prevention of regDC polarization in tumor-bearing mice results in a boosting of tumor-speciWc immune responses and inhibition of tumor growth.
In spite of the proven protumorigenic nature of tumorassociated regDCs, it is still unknown whether their recruitment and function depend on the tumor type, location, or speciWc tumor-derived factors. Further, it is still unknown how regDCs interact with MDSCs and macrophages in the tumor immunoenvironment or if regDCs can aVect activation and function of cDCs. Additional studies are required for a systemic comparison of diVerent DC subsets displaying a spectrum of immunosuppressive and tolerogenic properties in various environmental conditions. It is conceivable that DCs, as cells with high developmental plasticity, may acquire a tolerogenic or regulatory phenotype somewhat similar to immature DCs in response to speciWc environmental conditions such as the tumor milieu.
Conclusions
In short, myeloid regulatory cells are infamously heterogeneous, functioning in distinct diVerentiation and maturation stages such as monocytes, MDSCs, PMNs, macrophages, and DCs that adopt diVerent activation and polarization forms in response to a changing microenvironment. Accumulating evidence shows that MRCs orchestrate the inXammatory events during de novo carcinogenesis, participate in tumor immunosurveillance and immune editing, and contribute to the progression of established tumors. At the tumor site, cells such as TAMs, TANs, and TADCs are confronted with diVerent tumor microenvironment stimuli, leading to MRC subsets with diverse specialized functions and activities, such as regDCs. In spite of the growing controversy in phenotypic classiWcation of and distinguishing between tumor-associated macrophages, granulocytes, DC and MDSC subsets, the role of regDCs in regulating tumor progression and response to therapy has been repeatedly proven and conWrmed. However, in addition to veriWed role of tumor-and stroma-derived factors in attracting and activating MRCs, there are several supplementary pathways that may also participate in controlling the diVerentiation and function of MRC subsets in patients with cancer (Fig. 2) . Many chronic inXammatory conditions and diseases, infections, psychological and mechanical stress of the disease and its treatment, aging, chemotherapy, and other types of therapies signiWcantly alter the status of the immune system in patients with cancer, therefore inXuencing the interaction between immune cells, immunomodulating the properties of tumor and stroma cells, as well as regulating myelopoiesis and MRC diVerentiation and function. For instance, it has been recently shown in a randomized clinical trial that psychological intervention to reduce stress in patients with stage II and III breast cancer led to enhanced immune function, fewer recurrences, and improved overall survival. Interestingly, patients with high levels of stress had elevated levels of MDSCs compared to patients with lower stress [58] . Therefore, consideration of the diVerent mechanisms and factors that alter the appearance and function of macrophages, PMNs, DCs, and their precursors in the tumor environment is crucially important for designing novel cellular and molecular-targeted approaches to cancer treatment.
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In submitting this statement, as corresponding author, I hereby aYrm the accuracy of all responses that were entered on line with submission of this manuscript and declare that there is no conXict of interest. Fig. 2 Regulation of myeloid regulatory cell polarization, diVerentiation, and inter-diVerentiation in patients with cancer. Myeloid regulatory cells (MRCs) represent a mixed population of macrophages, polymorphonuclear neutrophils (PMNs), dendritic cells, and immature myeloid cells at various stages of diVerentiation, polarization, and activation. A variety of tumor-derived and stroma-derived factors aVect the attraction, homing, polarization, and activation of MRCs at the tumor site(s). Cytokines, chemokines, and growth factors produced by immune cells may also control MRC maturation and activity, as well as the distribution of MRCs in the tumor immunoenvironment. The balance between proinXammatory and anti-inXammatory cytokines can be markedly altered by concomitant immune-mediated inXammatory diseases, infections, therapeutic interventions, and age, which also signiWcantly changes the migration and function of MRCs. Additionally, chronic and acute psychoemotional stress in patients with cancer is known to inXuence neuroendocrine pathways, thus participating in the overall regulation of the immune status and the interactions between individual MRCs as well as with other immune cells
